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ABSTRACT OF PAPER 

The following features of a transmission system under short-
circuit conditions are discussed: 

1. Mechanical forces between the phases of three-conductor, 
three-phase cables when carrying short-circuit current; also the 
forces between busbars are investigated. 

2. The heating of the conductors of the cable from the instant 
of short circuit to a time 0.8 seconds later is traced analytically, 
during the transient state of the current, and typical computed 
heating curves are presented. 

3. The effectiveness of the method of placing reactors 
between generator terminals and the bus from which power is 
taken, and additional reactors between generators and an 
auxiliary synchronizing bus, is analyzed. 

4. This scheme is compared with the present well-recognized 
schemes of feeder and busbar reactors. 

THE rapid growth of central stations in recent years with the 
constantly increasing power concentrated on one set of bus

bars has made necessary some method of protecting the system 
as a whole, and also its various parts, in case of abnormal condi
tions on the line. Reactance, which formerly was stringently 
avoided in central station electrical apparatus, is now being al
most universally required in the apparatus itself, and in many 
cases additional reactance is supplied by reactors external to the 
electrical units. 

In applying these reactors to central station design, much at
tention has been given, and several well-recognized schemes have 
been worked out and are now in operation. 

The parts of the high-tension system for which protection 
must be furnished under short-circuit conditions are as follows: 

1. Oil switches against absolute failure. 
2. Generators, transformers, busbars and underground cables 

against mechanical forces. 
3. All apparatus against overheating 
4. The system as a whole against complete shut-down. t 
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A system designed to provide protection against any three of 
the above cannot be considered ideal if it fails in the fourth; and 
it is only by limiting the short-circuit current to such a value in 
different parts of the circuit as to eliminate the above controlling 
factors that the use of reactance can be regarded as fully effective. 

ULTIMATE OIL SWITCH CAPACITY 
In the case of oil switch breaking capacity, it is possible at the 

present time to obtain a guarantee for switches to clear any trouble 
on an 11,000-v.olt, three-phase system with a running capacity 
of 70,000 kv-a. and a reactance of 10 per cent; that is, a short-
circuit current of 36,800 r.m.s. amperes. I t is, therefore, as
sumed from the foregoing guarantee, that any 11,000-volt system, 

FIG. 1 

where the short-circuit current does not exceed 36,800 amperes, 
will experience no inherent difficulty from oil switch trouble. 

MECHANICAL FORCES IN ELECTRICAL APPARATUS 
This phase of the problem has been given careful attention of 

late, especially in generators, with the result that generators are 
now being built with such mechanical rigidity that manufacturers 
maintain they will safely withstand the mechanical forces arising 
from dead short-circuit across their own terminals. 

Modern transformers, likewise, are being more substantially 
built, so that it is unlikely that mechanical rupture will occur 
in them before some other limiting features of the system are 
exceeded. 

Underground cables and busbars are subject to even heavier 
strains than the generators themselves, and an analysis of these 
stresses is here given. 
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FORCES BETWEEN CONDUCTORS OF THREE-PHASE CABLE 

First, take a three-conductor cable, as shown in Fig. 1, with all 
three conductors equally spaced, and assume all three legs simul
taneously short-circuited, and the r. m. s. current equal in each 
phase. Then the force tending to repel any conductor in a 
direction at right angles to a plane passing through the other 
two may be computed as follows : 

Let the currents in all three phases, 1, 2 and 3, be sinusoidal. 
In Fig. 1, let ii = Im sin ωί = instantaneous current in 
phase 1. 

ii = Im sin 

is = Im sin ( ω / + — A 

Im = maximum value of sine wave. 
Then/ i _ 3 = instantaneous force between conductors 1 and 3. 

/ i - t = " " " " 1 " 2. 
/o = " " on conductor 1 perpendicular to 

plane A .Z*. 
/o = ( / i - 3 + / i - 2 ) c o s 3 0 ° 
/i._3 = kiiiz/a. 
/ i - 2 = k\ i\ ii/a. 
k = numerical constant 
F0 = average force on conductor 1 perpendicular to 

planed B. 
1 1 

Fo = I df0 = I (nu + UI2) at 

0 0 

2 a 

Im 
I = r. m. s. value of sine wave = —■= 

V2 
n = cycles per second. 
ω = 2 π η. 

If Fois in lb. per foot of cable and I in amperes 
k = 5.39 X 10,~7 a being in inches. 

4 67 P 10-7 
Hence F0 = — —T.—-Λ—r- lb. per foot (1) a (inches) ^ v 
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The negative sign appearing in the expression for the average 
force, F0, means that the conductors under study are subject 
to repulsion. Thus, in a paper-insulated, lead-covered cable, 

FIG. 2 

the force is exerted on the over-all wrapping around all three 
conductors and also on the lead sheath; and the tensile strength 
of the paper and lead must be sufficient to withstand the stress 
thus placed upon them. 
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On busbars this force tends to throw the busbar"away from the 
center of the equilateral triangle (of which each busbar is as
sumed to form one apex) and produces tension or compression 
on the busbar clamps, depending on the location of the insulators. 

0 1 2 3 4 ί 6 7 8 9 10 II 12 
INCHES BETWEEN CENTERS OF CONDUCTORS 

FIG. 3 

From equation (1) the curves in Figs. 2 and 3 have been com
puted. The curve in Fig. 2 marked " 0.9 inches between con
ductors " represents the varying average force on one conductor 
of a three-conductor 3/0 B. & S. paper-insulated lead-covered 
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11,000-volt cable. For this particular cable, the insulation over 
each conductor was 7/32 inches, and the over-all paper wrapping 
was also 7/32 inches thick. 

The rapid increase in force as the current rises is apparent from 
the following: 

Current in 3/0 three-conductor cable Force per foot of cable 
20,000 amperes 208 pounds 
40,000 " 832 u 

70,000 " 2,550 « 
100,000 " 5,200 " 

At 20,000 amperes, the disruptive force is comparatively 
low, but rising in proportion to the square of the current it 
reaches a value of over one ton per foot at 70,000 amperes and 
over 2.5 tons at 100,000 amperes. 

The busbars, due to the inherently greater spacing than the 
conductors of a cable, are subject to a much lower disruptive 
force per unit length, but on thé other hand, since they are 
supported at only frequent intervals rather than continuously, 
as is a cable, the force on any support may become excessive. 
For example, with 20-inch triangular spacing, and 100,000 am
peres flowing in each bus, the force on one phase is 100 lb. per 
foot. With supports nine feet apart, the force on any one sup
port becomes nearly one-half a ton. 

FORCES WITH SINGLE-PHASE SHORT-CIRCUIT 
If the short-circuit is between only two line wires, instead of all 

three, then the average force per foot of line, for the same cur
rent value per wire as in a three-phase short-circuit, is 15.5 per 
cent greater. This is clear from the following analysis : Referring 
to Fig. 1, if the short-circuit takes place between phases 1 and 
3, then the currents in 1 and 3 conductors are equal and 

/ 1 _ 3 = - £/2
msin2co/. 

Γη kn Γ 
F0' = I dfi - 3 = Pm I sin2 ωί d (ωή = Average 

J αω J force on one conductor—single-phase 
short circuit 

— „ J- r.m.s. 
a 

F0' (single-phase) = -KP - 2 α 
Fo (three-phase) a V3KP 

F0' = Fo X 1.155 (2) 
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If the forces in the curves of Figs. 2 and 3 are multiplied by 
1.155, they are applicable to cases of single-phase short-circuit 
currents, also to direct currents. The plane of maximum stress 
in the cable is no longer A B, as indicated in Fig. 1, but the plane 
A' B', 30 degrees in advance of A B, and perpendicular to the 
line of centers of phase 1 and 3. 

It should be emphasized, however, that a system designed to 
have a maximum r. m. s. short-circuit current of say 70,000 am
peres per phase under three-phase short-circuit conditions will 
have .less than 70,000 amperes on single-phase short-circuit, in 
fact, only 86.6 per cent of 70,000 amperes. And the maximum 
average mechanical force tending to tear the cable apart will 
likewise be only 86.6 per cent of the three-phase value. 

To show the relation between three-phase and single phase 
short circuits take 

Ei _ o = voltage from line to neutral in a three-phase system. 
Ei- 2 = line voltage. 
Z = impedance per phase in short circuit path. 
F = force tending to tear cable apart. 

Three-Phase Short Circuit. 

h = 
Ei-

F, = -£'k 2 a (¥) 
Single-Phase Short Circuit. 

-(?1) 
2 Z \ 2 / Z Z 

h = ξΐ£ = (y^) % 2 = 0.866 Ei-

F1 = -k 3 
a 4 

Hence h V3 Ei. 
Is 2 Z Ei-o 

h = 0.866 Is (3) 

El +k 3 /£l-°Vv 2a ( Z V 
F, a 4 \ 2 / X V3k \Ei-J 

Fx = 0.866 F3 (4) 
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Thus, if the point of short circuit is fixed in the system, a short 
circuit between all three phases gives a current and a mechanical 
force each 15.5 per cent greater than does a single-phase short 
circuit. But if the point of short circuit is varied in the system 
so that the numerical value of the r. m. s. current is the same for 
three-phase as for single-phase short circuit, then the stresses 
set up in cables and busbar supports will be 15.5 greater fora 
single-phase than for a three-phase short circuit. 

However, if the average stresses in conductors undergoing 
short-circuits are determined for the maximum r.m.s. current 
obtainable in a three-phase short circuit, then these forces can
not be exceeded for any condition of single-phase short circuit 
that may occur on that system. 

FORCES ON BUSBARS SPACED IN A STRAIGHT LINE 

If the bus bars all be in the same plane, the average force 
acting on the top or bottom bar is only 86.6 per cent as great as 
if the bars were spaced at the vertices of an equilateral triangle. 
This relation can be shown as follows, using the notation on 
page 27 and the diagram in Fig. 4. 

The force on conductor 1 due to the currents in 2 and 3 equals 

t 

JV-JV.+/.-. §L» 
. k . . 

J l - 2 = —J- ll *2 

, k . . 
Jl-S = —J- i l»3 A "" - r a J 

FIG. 4 
, , , n klm

2 f" ( Ò . t . , V 3 . , \ , , 
Ft = - j — I I — -r- sin! (at + -j~ sin co/ cos ωΐίάωΐ 

o 

3 kPr.m,. 
4 A 

„ , -4.04 P X l O - y , . ... 
Ft' = -: lb. per foot (6) 
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(/ in r. m. s. amperes—A in inches). 
From equation (1) 

4 67 P X 10~7 

FQ = : force on conductor at vertex of 
or a equilateral triangle. 

^4- = 0.866 (6) 

That is, for a given minimum spacing, A, between the nearest 
two conductors, the straight line arrangement gives only 86.6 per 
cent of the stress on busbar supports .which exists with 'equila
teral triangular spacing. 

From equation (5), the curves in Fig. 5 are plotted. These 
are similar to those in Fig. 3, merely being reduced by the factor 
0.866, as is indicated in equation (6). They represent the force 
acting on either the top or bottom busbar with the arrangement 
of buses shown in Fig. 4. This force acts outwardly in both cases 
that is, in the plane of all three buses and away from bus No. 2. 

From the foregoing analysis, it is clear that if mechanical force 
ir/ the conductors undergoing short circuit is the limiting feature 
of a system, in three-phase cables this may be controlled by re
ducing the possible current flow under short-circuit by use of 
reactors; or increasing the size of the cable and thus increase 
the spacing of the conductors. With busbars, the mechanical 
forces may also be decreased in the same way as above described 
for cables, and they may be further reduced by the method of 
arrangement, that is by placing the bars in the same plane rather 
than at the vertices of an equilateral triangle. 

HEATING OF CABLES DURING PERIOD OF SHORT-CIRCUIT 
Typical Short-circuit Current Waves. When short-circuit con

ditions occur on an alternating-current power system, the current 
does not drop into its steady state at once, but rather starts at a 
given value, depending on the instant of short-circuit, and falls 
off gradually until the induced voltage in the generators has been 
reduced by armature reaction to that value which will maintain 
in the short-circuit path the current which will keep the net 
generator field at the proper value for sustained short-circuit 
conditions. 

Two typical curves of short-circuit current in generators having 
10,000 to 30,000 kv-a. rating are shown in Fig. 6. The full line 
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curve placed symmetrically with respect to the zero line is the 
voltage wave of the machine undergoing short-circuit. The dot
ted symmetrical curve is the short-circuit current, provided the 
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FIG. 5 

instant of short-circuit occurs at a time when the voltage wave is 
a maximum or t — 0.02 seconds in Fig. 6. (This assumes only 
reactance in the short-circuit path). 

The assymmetrical current wave in Fig. 6 represents the varia-
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tion of current if the short circuit takes place at a time / = 0.01 
second; that is, at a time when the normal voltage is zero. The 
first peak value of this assymmetrical current wave is nearly twice 
the first peak value of the symmetrical current wave. But 
theoretically it can never be exactly twice the symmetrical value, 
being slightly decreased on account of the falling off of the ex
ponential current.and further by the gradually decreasing voltage 
wave. The curves of Fig. 6 are plotted with arbitrary scales for 
a 25-cycle circuit, but from the limiting peak values there shown 
similar curves can readily be drawn for circuits of any frequency, 
voltage, and current. 

The large current rush at the instant of short circuit, taking 
place at normal generator induced voltage, represents an enor-
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mous amount of power, and lasting for several cycles delivers a 
considerable amount of energy to the electric conductors under
going short-circuit and there will inevitably result a rise in tem
perature in the conductors. Since this energy is stored in the 
conductor in a comparatively, short time, one second as an out
side limit, it is clear that very little radiation can occur in this 
brief interval, and consequently the conductor may have its tem
perature raised to such a point as to injure the cable insulation, 
or, if the current is great enough, even melt the conductor itself. 

To determine the heating effect in conductors carrying short-
circuit currents of the transient character shown in Fig. 6, the 
following analysis is given: 

First take the symmetrical current wave; that is, the one with 
its positive and negative waves approximately equal. 
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Let i = current at any time /. 
Em = peak value of voltage wave at any time. 
E0 = " " " " " under sustained short 

circuit. 
Z = ohms impedance in short circuit path. 
€ = base of hyperbolic logarithms = 2.718. 
ß = A constant depending on rate of decrease of 

generated voltage. 
R = ohmic resistance in short circuit path considered 
co = 2 πη 
n = frequency in cycles per second. 
K = a numerical constant. 
H = energy 
Ei = peak value of normal voltage wave. 

Theory. 
Em . i = —-γ— sin co/. 

Em = (Ei - Eo) € - " + Eo 

Hence i = γ [ (Ei - E0) €-* + E0] sin co/. 

/ " • - ^ 

t 

[ (E1 - Eo)2 e"2 " + 2 Eo (Ei - Eo) €"* 

°" + E 0
2 ] sinco/<Z (co/). 

Integrating 
„ _ K R Γ ( Ε ι - Ε 0 ) 2 ω , 4 E0 (Εχ - E0) co 

" ~^L· 4/3* X 0 + ^ P β 
2 4 + 2 

CO2 CO2 

. (Ei - E o ) 2
 2at I . . j 25 . # 0 ) ω\ 

^ —TW (sm co/ i sin c o / - 2 cos co/ r — g l 
4 H r 

co2 

, 2 EQ (Ei - Eo) / . J j8 . ) 2co\ 
H — 5 * ßt I sm ω/ 1 —— sm ω/ — 2 cos ωί χ — g - 1 

4 + ft. V l ω ) 0 / 

.'(i-ï™2«')] + E, 
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C K R 
or H = -=ς- where C equals the above expression in 

ω brackets. 

C R 
watt seconds, {t in seconds, E in volts, R in ω ohms, and Z in ohms) 

Taking the specific heat of copper as 0.095. 
Resistance of copper 11.75 ohms per cir. mil ft. 
1 B. t. u. = 1055 joules. 
Weight of copper 3.03 X*10~e lb. per cir. mil ft. 

Hence deg. fahr, temperature rise 

C 3.86 X 104 

ω Z2 (C. M.Y 

r - A * 2.143 C X 10' ,_. 
Temp, rise deg. cent. = ω z 2 (CM.)2 ^ 

From equation (7) the curves of Fig. 7 have been computed. 
An 11,000-volt system was chosen, three-phase 3/0 B. & S. 
cable being assumed. The numerical constants taken are as 
follows: 

11,000 V2 = 8970 volts. 

11,000 X 0.07 X 1.75 X V2 
Eo = 7= = 1100 volts. 

V 3 

In determining E0 the generators short-circuited are assumed 
to have 7 per cent inherent reactance and a sustained short cir
cuit of If times mormal full load current. 

cir. mils = 167,800 for 3/0 B. & S. cable. 
n = 25 cycles. 

β = 2.51 from Fig. 6. 
To determine Z, first assume the current for any temperature 

curve desired, 50,000 amperes, for example. Then the r.m.s. 

phase voltage—~=— above, or 6350 volts divided by Z gives 

the r. m. s. amperes as indicated in Fig. 7. 

Thus ^ 5 = 50,000 or Z = 0.127 ohms. 
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This value of Z is then used in equation (7). The curves of 
Fig. 7 have been computed on the assumption that no radiation 
of heat has taken place between the instant of short-circuit and 
0,8 seconds later, all the energy going into the conductor being 
transformed into heat and stored in the cable as such. 

Assuming that the modern oil switch will clear trouble within 
0.18 seconds ( 4 | cycles on a 25-cycle circuit) after short circuit, 
it will be noted that should the short-circuit current reach 40,000 
amperes (r.m.s. symmetrical) on the initial rush the temperature 
in any 3/0 conductors carrying such current Would be increased 
approximately 155 deg. cent. At 45,000 amperes the temperature 

0 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64 0.72 
TIME IN SECONDS 

FIG. 7 

rise is 195 deg. cent., and at 50,000 amperes 235 deg. cent. The 
melting point of copper is 1085 deg. cent., so the copper is in no 
danger of melting if the oil switch operates normally. On the 
other hand, temperatures as high as 200 deg. cent, may injure 
the cable insulation and later cause trouble from short circuits 
and will surely result in decreased life. 

HEATING OF CABLES CARRYING ASYMMETRICAL CURRENT WAVE 

To determine the heating effect of the asymmetrical current 
wave, it is merely necessary to follow the same general procedure 
as described above for the symmetrical wave. 

First, obtain the expression for the instantaneous current, then 
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square and integrate and convert to heat units, and then into 
temperature rise for any given size cable. 

The notation is the same as that given under the analysis for 
heating with a symmetrical current wave, with the following 
additions. All voltages, currents, and impedances are per phase 
values. 

a = a constant depending on the rate of falling off of 
the asymmetrical current over and above the rate 
of falling off of the symmetrical wave. 

A = a constant depending on the instant of short circuit. 
Ei = ψ-=-ίοτ maximum displacement of asymmetrical 

wave, — when the asymmetrical wave is on 
the negative side of the zero line and + 
when on the positive side of the zero line. 

Theory. 

Em — (Ei — E0) e + Eo. 

t = -y- sm (ωι) + A e 

H t 

Γ dH = - ~ \[%- sin wt + Ai " ( /" ^ ] άωί (8) 
0 */2<o 

Hence ti the time after the short circuit takes place = t — π/2ω. 
In the above equation t cannot be less than π/2ω. Substituting 
Em in equation (8), integrating, and substituting limits, 

H 

° 4+ 
CO* 

—i-D + 4_( i + y)] 
4 + Ξ_£. 

, 1 /Eo \* , 1 . . , . wt ÎT Ί 
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i sin cot i — — sin at ω 
2 / £ i - £ , \ E0 +1£ r c-<« / 

- β"- ί -τ )+^%·( ί +τ) ] Λ + 

["-<« +ex / «+ / 0 · sin ω/ — cosco/ 

sin co/ — cos co/ 
L̂JL I \ ω 

£ 9. /·> I 2 

ω Ζ I - cet / _ _0_ . 

+ e -H(-SL)^-J u '' + 5)1 (9) 

Denoting the right-hand side of the equation by Ό/Ζ2ω, 

KRD 
H = ω Ζ: 

P i ? watt-seconds. (/ in sees., E in volts, R in 
ω ohms and Z in ohms. ) 
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As in the symmetrical current wave, temperature rise deg. cent. 

2.143 2) X 104
 (1Q) 

ωΖ* (CM.)2 K } 

This equation is similar to equation (7) and, in solving, the same 
circuit constants are used, with the addition of a, which has been 
determined as 8.65 from the curves of Fig. 6. 

From the above equation (10) the temperature rise curves of 

7201 1 1 1 1 1 1 1 1 1 . 1 1 1 . 1 1 P _ | 1 1 
6601 

0-16 0 24 0.32 0.40 0.48 0.56 0.64 0.72 0.80 
TIME IN SECONDS 

FIG. 8 

Fig. 8 have been computed, and marked " r.m.s. amperes." To 
avoid any ambiguity as to the meaning of the term r.m.s. am
peres as applied to the asymmetrical wave of Fig. 6, take the 
following example. Let a three-phase, 11,000-volt generator be 
short-circuited across its own terminals. The phase voltage 
will be l l , 000 / \ /3 = 6350 volts. Let the impedance of the ma
chine be 0.127 ohms per phase. Then the r.m.s. short-circuit 
current is 6350/0.127, or 50,000 r.m.s. amperes. Any 3/0 
conductor carrying this current will have its temperature in-
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creased according to the temperature rise curve marked " 50,000 
r. m. s. amperes " in Fig. 7, if the wave is symmetrically placed 
about the zero axis as the dotted curve in Fig. 6. 

If the short circuit takes place at such a point of the voltage 
wave that the current is almost totally displaced one side of the 
zero line as the full line current curve of Fig. 6, then the heating 
of 3/0 conductor carrying the 50,000 r.m.s. amperes asymmetri
cal as above indicated, will follow the temperature rise curve 
marked " 50,000 r. m. s. amperes " in Fig. 8. 

Thus, by a simple application of Ohm's law to determine the 

700 

650 

600 

550 

500 

Ï 4 0 0 

S 350 
tu 
0. 

250 

200 

I5Q 

100 

50 

0 

Ϋ° _£2Ϊ 

Fot 

C< 
of 

SS 2̂ 2 

sy£2iff-

jmpanson o: 

\ W A V 

Heat 

e 

ngEf 
Symmetrical and Assyiti 

Current Waves 
At 50,000 r.m.s. Ampere 

3/0 B. & S. Cable 

ects 
metrk »1 | 

0.2 0.3 0.4 0.5 0.6 
TIME IN SECONDS AFTER SHORT CIRCUIT 

FIG. 9 

r.m.s. current, the heating of a 3/0 conductor with either the 
symmetrical or asymmetrical current wave, can be determined 
from Figs. 7 and 8 respectively. The curves in these last two 
figures apply only to 3/0 B. & S. cable and currents which de
crease in accordance with the current waves of Fig. 6. However, 
by the use of equations (7) and (10) the heating produced by 
any symmetrical or asymmetrical current waves and for any 
size cable may be determined. 

To compare the heating effect of the symmetrical and asym
metrical current waves for the same r.m.s. current, the two curves 
of Fig. 9 have been plotted. These curves represent the tempera-
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ture rise for 50,000 amperes r.m.s. in 3/0 B. & S. cable. It will 
be observed that the heating due to the asymmetrical current is 
very much in excess of that due to the symmetrical wave. For 
example, in this case the relative heating with the same r.m.s. 
current is as follows : 

Sees, after short-circuit Asymmetrical Current Temp. Rise 
Symmetrical Current Temp. Rise. 

0.05 2.47 
0.10 2.20 
0.20 1.&25 
0.40 1.52 
0.60 1.46 
0.80 1.425 

This relation between relative heating with the two types of 
current waves holds for all values of current, since at any partic
ular point of time the temperature rise is proportional to the 
square of the current, and this relation holds for each set of 
temperature rise curves. 

It will be seen from the above table that the ratio of tempera
ture rise for the two types of current curves is approaching a 
constant value of approximately 1.4. I t is clear that the ratio 
cannot fall much below this value at any time greater than 0.8 
seconds, since the amount of energy stored in the cable as heat 
after this interval is comparatively small, due to the rapid falling 
off of the current. Further, it is probable that after one second 
radiation would materially affect the temperature of the copper, 
and analysis beyond this point must necessarily be incomplete. 

While the temperature rise of the 3/0 copper cable carrying 
short-circuit current is relatively high at reasonable values of 
current (465 deg. cent, at 50,000 amperes asymmetrical, and 
250 deg. cent, for the same symmetrical current at the end of 
0.18 sec.) there is still a means of materially and effectively re
ducing these temperatures in any new system, if possible tempera
ture rise is the limiting feature of the high-tension power circuit. 
This is by increasing the normal kilo volt-ampere rating of the 
underground cables. 

Referring to equations (7) and (10) it will be observed that the 
temperature rise is inversely proportional to the square of the 
circular mils of copper, that 'is, to the square of the cross-section 
of the conductor in which the short-circuit current flows. Thus, 
if the cross-section of the conductor is doubled, the temperature 
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rise is only one-quarter as great. From the relation between 
temperature rise and conductor cross-section given in equations 
(7) and (10), and the temperature rise curves of Figs. 7 and 8, 
the curves of Figs. 10,11,12 and 13 have been computed. These 
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show graphically the rapid decrease of temperature rise of the 
copper carrying short-circuit current as the circular mils of the 
conductor is increased. Figs. 10 and 11 represent temperature 
rise for various size conductors at the end of 0.2 and 0.5 seconds 
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respectively, when carrying an asymmetrical current wave as 
shown in Fig. 6. In Figs. 12 and 13 are shown similar curves for 
the symmetrical current wave of Fig. 6. 

200.000 300.000 400.000 
CIRCULAR MILS OF COPPER 

600.000 

FIG. 11 

For illustration, take the temperature rise curves of Fig. 10, 
computed for an asymmetrical current of 50,000 amperes. 
If 3/0 B. & S. conductor carries the short-circuit current, its 
temperature will be raised 480 deg. cent, in 0.2 seconds. If the 
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conductor has a cross-section of 250,000 cir. mils the tempera
ture rise will be only 217 deg. cent., and if it has 300,000 cir. mils 
cross-section, the rise will be still further reduced to 150 deg. cent. 
in the same time. 

It has therefore been possible, as above shown, to reduce the 
maximum temperature rise in a conductor carrying short-cir
cuit current to within reasonable limits, by increasing the cross-
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section of the cable. It may be maintained that the increased 
size of cable will reduce the total impedance in the short-circuit 
path and a larger current will flow than when using a smaller size 
cable. It should be borne in mind, however, that the maximum 
short-circuit current will obviously exist in a power system when 
the short circuit is nearest the power house, and the additional 
cable length in the short-circuit path, assuming the trouble to 
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occur at a short distance from the power house, will merely 
reduce the current below the maximum value which could exist * 
if the short circuit took place at the power house. 

For example, if a given power system has a maximum short-
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circuit current output of 50,000 amperes, with the short-circuit 
occurring just outside the feeder oil switch at the power house, 
any other location of trouble on that feeder will necessarily give 
a current smaller than 50,000 amperes; and this is true indepen
dent of the size of the feeders. If the short circuit should occur 
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several miles from the power house the impedance of the cable 
would materially reduce the current below 50,000 amperes, and 
the smaller the cable the greater would be this reduction. 

For cases of short circuit close to a power house using reactors 
to limit its abnormal current flow, the impedance of that part of 
the cable in the short circuit path is such a small percentage of 
the total impedance opposing the current flow that its value for 
any reasonable size cable is absolutely negligible. 

With the possibility of the destructive forces and temperatures 
in cables and busbars as computed above well in mind, it is now 
intended to show how these short-circuit currents may be effec
tively controlled. 

USE OF REACTORS IN LIMITING CURRENT FLOW UNDER 
SHORT CIRCUIT CONDITIONS 

Reactors, as mentioned in the earlier part of this paper, have 
recently been extensively used in reducing possible current flow 
into a fault, and several different schemes of arrangement in a 
power system have been devised and are now in use. 

The schemes of introducing reactance in the power circuits 
which are at present well recognized, are as follows: 

1. Reactance in generators and generator leads. 
2. Artificial reactance in the separate feeders. 

, 3. Reactance in the main pow£r house bus between generators. 
Then, to be sure, there are various combinations of the three 

above schemes which can be used. 
There is, moreover, another system of arranging reactors in a 

power system recently brought to light by Mr. Stott and briefly 
described by him in discussing the paper of Messrs. Lyman, Perry 
and Rossman at the mid-winter convention, February, 1914. 
This scheme, upon analysis, has proved of such merit that it is 
here analyzed and discussed at some length. 

In general, the scheme consists of paralleling all generators 
through reactors on a synchronizing or transfer bus, and taking 
power through a separate set of reactors direct from each genera
tor, rather than from the synchronizing bus (what would ordi
narily be the main station bus). The scheme is shown diagram-
matically in Fig. 14. For convenience of reference, ZG is called 
the generator reactance, either inherent, or inherent plus external. 
ZK is called the synchronizing reactance, being placed partly for 
synchronizing purposes but more especially to limit abnormal 
current flow, and ZB is called the feeder bus reactance, being in 
the path of direct feed from the generator to the feeder bus. 
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For purposes of analysis, a power house with an installed capac
ity of 180,000 kv-a. in 30,000-kv-a. generators, that is, six ma
chines, only five being used at any one time, is taken. Also a 
system with a nominal voltage of 11,000 volts is used in deter
mining current flow, and 3/0 three-conductor 3217-kv-a. cables 
are assumed where considered in computations. All per cent 
reactance where used, except feeder reactance, is based on the 
maximum 30,000 kv-a. rating of one machine. For example, if 
Z„ ,ZC , orZK is spoken of as say 3 per cent, it is understood that 
when any one of these reactors is carrying rated current of one 
machine the voltage drop across that reactor is 3 per cent of rated 

Substations 
7 S 13 

Assumptions: Five 30.000-kv-a. generators—11,000 volt 
three-phase on line at one time. 
Z, + ZK based on 30,000-kv-a. generator. 
Substation feeders not inter-connected 
between feeder busses—as shown. 

phase voltage, or —L-Fr- X 0.03 = 190.5 volts, and has a react-

, 190.5 X 11,000 X V 3 
a n C e ° f 30,000,000 = ° · 1 2 1 ° h m S -

In speaking of feeder reactance, its value is based on the kv-a. 
rating of the cable. For example, a 5 per cent feeder reactance 
the feeder being rated at 3217 kv-a. has a voltage drop of 
(11,000/V3) X 0.05 = 317.5 volts and a reactance of 

317.5 X 11,000 X Vs 
3-^ÜÖÖ = L 8 7 8 o h m s · 

DETERMINATION OF SHORT-CIRCUIT CURRENT 
In determining the short circuit currents in the various net

works presented, the following equations were used. AH equa-
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tions are vector equations, but where the resistance involved is 
negligibly small in comparison to the reactance, the equation may 
be solved algebraically and the resistance values ignored. This 
cannot be done in scheme 5-2, and here the equation for the 
short circuit current must be solved vectorially. 

Substations 
6 7 I 10 I I 12 13 

Assumptions: Five 30,000-kv-a. 11,000-volt generators 
three-phase on bus at one time 
Five 3/0 B. & S. three-phase cables to each 
substation—cables 3217 kv-a..capacity 
Z„ based on cable capacity 3217 kv-a. 
Za based on 30,000 kv-a. generator 

nearest substation one mile from 
power house. 
Z, » 0.334 + j 0.129 ohms per wire mile. 

Gen. 3 

Scheme F 

FIG. 14b. 
Substations 

7 3 9 

Gen. 5 

.lions: Fiv..-:M),00D-kv-a. 11 ,<XX)-voU generators 
three-phase. 

Zu + Zs based on 30,000-kv-a. Generator. 

I I 12 

The ratio of reactance to resistance in all reactance coils and 
in the generator itself has been taken as 21.5 where it was neces
sary to use the resistance values. 

Scheme SA. Fig. 14. 
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Scheme F. Fig. 14£>. Feeders open at substation end 
EG / , = 

zD + (16) 

Scheme F. Fig. 14 b. Feeders paralleled at substation end 
E 

I ZD+ ZF \ 
\ 5Z F / + zD (17) 

10 11 12 13 

Synchronizing Bus 
SchenwS-2 

FIG. 14a. 

Scheme B. Fig. 14c. 

/ B = 
E ( 5 Z G + 4 Z G Z S + ZS

2) 
Z G ' + 2ZS Ze

2 + Z s 2 Z G 
(18) 

Scheme 5-2. Fig. 14a Thirteen substations—5 feeders per 
substation 

T _ F ίκΜ5ΖΛΓ305 7 ^<7 ( 305 305 ZB 
48 + 48 ZG ) 

+IM1+t)]-llz<!+l>+M5+5l) 

+ gz. + |z , ( 1 + | ) ] <19) 



52 GROSS: SHORT CIRCUIT PROTECTION [Jan. 8 

E = generator phase voltage (line to neutral.) 
Z = impedance 

Equations (17) and (19) must be solved vectorially; as above 
noted, the others may be solved, without loss of accuracy, alge
braically, if the resistance r of any reactor having an impedance 

0 1 2 3 4 5 6 7 8 9 10 
Z„ PERCENT SYNCHRONIZING REACTANCE 

FIG. 15 

r -f. j x = z, is small in comparison to the reactance x. This is 
true, in general, for reactors, namely r/x is negligibly small. 

The above equations were determined for the several cases 
by the simple application of Ohm's law applied to alternating-
current circuits. 
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From equation (15) the short-circuit current curves of Figs. 15 
to 21 inclusive have been calculated. Figs. 15 to 19 inclusive 
show the effect of varying the feeder bus and synchronizing 
reactance ZB and ZK respectively, as the reactance of the machine 
varies from 5 to 25 per cent, inclusive. 

For example, with the 150,000-kv-a. running capacity assumed, 
suppose it is desired to limit the short-circuit current to 30,000 
amperes, the generators having an inherent reactance of 5 per 
cent. From Fig. 15, it is clear that this may be done'by a variety 

120.Q00 I 1 I 1 1 r 1 p - i , 1 

ZK PERCENT SYNCHRONIZING REACTANCE 

FIG. 16 

of combinations of feeder bus reactance and synchronizing re
actance, approximately as follows : 

Short-circuit 
amperes 

30,000 
30,000 
30,000 
30,000 . 

I 30,000 

% ZB 

4.3 
3.0 
2.5 
2.0 
1.6 

% Ζκ 

0 
2.5 
5.0 
8.0 

10.0 

Total % Z 

4 .3 
5.5 
7.5 

10.0 
11.6 
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The total Z above is exclusive of the generator reactance. 
Similar examples can be taken for the curves of Figs. 16 to 19 
inclusive, if desired. From the above table it is clear that for a 
given short-circuit current, when the trouble occurs on the feeder 
bus, the least reactance is required when that reactance is placed 
between the feeder bus and the generator, that i s , inZ B . This 
could have been easily foreseen, since it is clear that with a given 
reactance in use, the larger the amount in the path of the total 
current, the smaller will be that current. 

It is further obvious from the curves of Figs. 15 to 19 inclusive 
that the larger the feeder bus reactance, ZB , the smaller the effect 

_ , , j 1 
I Scheme 5-1 Fig. 14 [ 

Current Through Feeder Oil Switch 

FIG. 17 

of the synchronizing reactance in further reducing the short-cir
cuit current. This is brought out by the curves in Figs. 15 to 
19, where ZB = 10 per cent. For example, in Fig. 15, with genera
tors having 5 per cent reactance and the feeder bus reactance 
10 per cent, the short-circuit current only decreases from 14,000 
to 11,500 amperes as the synchronizing reactance increases from 
zero to 10 per cent. 

When the feeder bus reactance is low the synchronizing re
actance is useful in reducing the current in short circuits which 
occur outside the feeder oil switch. But when the feeder bus 
reactance reaches 5 per cent or greater, the effectiveness of ZK 
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in further reducing current flow becomes practically nil. This 
statement is clearly borne out by a study of curves of Figs. 15 to 
19 inclusive and also in Figs. 20 and 21. Still using scheme 5-1, 
the curves of Figs. 20 and 21 have been plotted from equation 
(15) (the dotted curves have been plotted from the following 
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equations: Fig. 20 
= E/ZG + E/ZK) 

I, amperes = E/ZB, -and Fig. 21, amperes 

LIMITING EFFECTIVE VALUE OF Z B 

It is here shown in Fig. 20 tha t i f the synchronizing reactance 
is not used the feeder bus reactance loses rapidly in effectiveness 
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after 5 per cent is reached. The dotted curve represents conditions 
with an infinite generator capacity on the line and no synchroniz
ing reactance ZKused. The generators for this curve may have 
any reactance whatsoever. 

0 1 2 3 4 5 6 7 8 9 10 
Z . PERCENT FEEDER BUS REACTANCE 

FIG. 20 

LIMITING EFFECTIVE VALUE OF ZK 

From Fig. 21, it is clear that the effectiveness of ZK in reducing 
currents from short circuit beyond the feeder oil switch falls 
off rapidly after a value of 3 per cent is reached and for compara
tively large reactance in the generator, an increase above 1 per
cent in ZKis practically useless. 
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The dotted curve of Fig. 21 shows the limiting value of short-
circuit current when there is an infinite generator capacity on the 
bus and all generators have 5 per cent reactance. If the genera
tor reactance were higher the limiting curve would be lower. 
The curves of Fig. 21 assume ZB equal to zero. 
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The use of the synchronizing reactance would at first seem some
what superfluous when the feeder bus reactance is used, but it is 
located not only to reduce the current in a short circuit which 
occurs at the power house beyond the feeder oil switch but also to 
reduce the current should the short circuit occur on the synchron-
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izing bus, and further to limit the current flow in the event of 
poor synchronizing. 

The effectiveness of ZKin reducing the maximum current flow 
when the fault occurs on the synchronizing bus is shown graphi
cally in Fig. 22. With ZK = 3 per cent and generators having 

10000 , 

ol 1 1 L I I I 1 L I J 
0 1 2 3 4 5 6 7 8 9 A0 

ZK PERCENT SYNCHRONIZING REACTANCE 

FIG. 22 

5 per cent reactance, the current is reduced from 157,500 to 
99,000 amperes. Machines having 7 per cent reactance have a 
current reduction from 112,500 to 79,000 amperes. With the 
5 per cent reactance machines there has been a 37 per cent cur
rent reduction; with the 7 per cent reactance generators, a 30 
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per cent reduction by the use of the 3 per cent synchronizing 
reactance. 

While the currents shown in Fig. 22 are comparatively large, 
it should be observed that these currents cannot exist in any one 
conductor since they represent the total instantaneous output 
of the five machines. Thus the largest current which can exist 
in any one conductor is 4/5 of the values shown in Fig. 22. 
Further, this current does not exist in the cable line but circu
lates only in the machine and synchronizing bus circuit. 

52000 

4«X)0 

4400Ò 

Ί 
Scheme 5-1 Pig. 14 

Current Wto* Through One Generator 
JWhea Put ïaOut of Phase witkPour 
Other 3O.O0(Wcvia. 11,000-Volt Three Phase 

Generators. 

9 12 15 18 21 24 
PERCENT REACTANCE IN GENERATOR 

FIG. 23 

POOR SYNCHRONIZING 
As mentioned earlier in this paper, the purpose of ZK , the synch

ronizing reactance, is partly to furnish protection against short 
circuits on the system and partly to be of aid in limiting current 
in times of poor synchronizing. If four machines should be 
running and the fifth then put on the line 180 electrical degrees 
out of phase, the upcoming machine would have circulating in its 
windings a current considerably in excess of its maximum short-
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circuit current, provided no synchronizing reactance ZK is used. 
The effectiveness of ZK in reducing this current is shown graphi
cally in Fig. 23 for various values of generator reactance, when 
one machine is thrown on the line both 180 electrical degrees out 
of phase (dotted curves) and also for 30 degrees (full line curves). 

Should it be desired to raise the value of ZK so that the maxi
mum current which can flow in any generator thrown on the line 
180 degrees out of phase is equal to the normal short-circuit 
current of one machine, it can be shown that the value of ZK 
bears a fixed relation to the generator reactance depending on the 
number of generators on the line. 

Let E = rated phase voltage = —'—p=r for 11,000-volt system. 

Iz = circulating armature current in machine thrown 
on line 180 electrical degrees out of phase. 

ZG = per cent generator impedance. 
ZK = per cent synchronizing impedance. 
Is = normal short circuit current of one machine. 
n = number of generators running after " out of step " 

machine has been put on line. 
Then 

077 
Iz = ? , y , y , z Upcoming generator 180 

Z G + Z K + ^G "*" ^ K electrical degrees 
n ~~ 1 out of phase. 

/ s ZG 

Or, if Iz is to equal Is , 

£ /Z G = 2 £ / ( ZG + ZK + Z c
w + f K ) 

Simplifying 

zK =^-_ i_ Z o (12) 

In this equation n obviously cannot be less than 2. 
For 120 electrical degrees between upcoming machine and line 

voltages 
ZK = 0.732» -1 .782 ^ ( t f ) 
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and for 90 deg. phase displacement 

ZK = (0AUu-lAli}Ze ( 1 4 ) 

From equations (12), (13) and (14) the curves of Fig. 24 are 
drawn. These curves show the relation between the value of ZK 
and ZGfor a different number of machines running. Clearly this 
relation is independent of the kilovolt-ampere rating of the ma
chine or its per cent reactance. 

i 1 ' ' 1 1 r 
I Scheme 5-1 Fig. 14 

Ratio of Zt/Za for Absolute | 
1.01 Protection Against Poor Synchronizing J— 

I Based on Limiting Current to Normal Short 

NUMBER OF GENERATORS RUNNING—ANY 8I2E 

FIG. 24 

With a small number of machines running, five for example, ZK 
need not exceed 0.6 ZGfor protection of generators against me
chanical injury due to the worst possible conditions of poor 
synchronizing. Thus with generators having 7 per cent inherent 
reactance the synchronizing reactance need not exceed 4.2 per 
cent for absolute protection to the generators. This assumes, 
of course, that any machine may safely withstand dead short cir
cuit at its own terminals. 

I t is of interest to note that the lower the inherent reactance of 
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the generators the lower will be the value of ZK , and for purposes 
of easy distribution of load between the several generators when 
the load decreases and one or more generators are taken off the 
line a low value of ZK will cause either the voltage on the feeder bus 
now not fed directly by a generator to fall, or the power factor 
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of the load taken from this feeder bus to be changed. For the 
best distribution of load and the most nearly constant value of 
voltage at different feeder buses, the lower ZK is, the better. 

To compare this scheme, 5-1, of using feeder bus reactances and 
synchronizing reactance, with feeder reactance, scheme F, shown 
in Fig. 140, and with bus reactance, scheme B, shown in Fig. 14c, 
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the curves of Figs. 25, 26 and 27 have been computed. The same 
system of five 30,000-kv-a. 11,000-volt generators has been 
assumed. 

From Fig. 26 it is seen that with generators having a 5 per cent 
reactance, a feeder reactance of 1 and 1.5 per cent reduces the 
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current to values of jl5,500 and 10,000 amperes respectively, and 
further it is clear that nearly the entire drop occurs in the feeder 
reactance, especially when the generator reactance is low. There 
are, however, two disadvantages of this scheme: 

1. When a short circuit occurs on the bus, the current flow be
comes enormous; the bus voltage drops to zero and all synchron-
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ous apparatus is certain to drop out of step if the trouble is not 
instantly cleared. 

2. When a machine is put on the line out of phase, there is no 
means of limiting the current in the synchronizing circuit. 
(See Fig. 29). Both of these objections may be overcome in 
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scheme 5-1. The advantage of this scheme F is that when trouble 
occurs outside the feeder oil switch the trouble is localized in the 
feeder experiencing conditions and may be quietly cleared from 
the line, without a shock to the entire system. 

Bus reactance as shown in scheme B is analyzed graphically 
in Fig. 27. Suppose, for example, it is desired to limit the short-
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circuit current on a feeder to 25,000 amperes. This can be done 
in scheme B by using generators have 12 per cent reactance, and 
bus reactances between machines of 25 per cent. [In scheme 
5-1 this can be accomplished by a generator reactance of 7 per 
cent, a feeder bus reactance of about 4 per cent and a synchroniz
ing reactance of 2 per cent. Should the trouble occur on the 
synchronizing bus in scheme 5-1, the current would rise to 87,500 
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amperes (Fig. 22) ; but this current would not pass through any 
one oil switch or small cross-section cable. The maximum cur
rent obtainable by the use of bus reactance would in this case be 
25,000 amperes. Thus, the busbar reactance scheme reduces the 
s^ort-circuit current to a low value, but at the expense of a large 
reactance in the circuit. 

Another disadvantage of busbar reactance is that under cer
tain conditions of operation it would be necessary to feed through 
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four of the bus reactances, thus producing considerable difference 
Of voltage along the bus. Scheme 5-1 with its 7, 4 and 2 per cent 
reactance would be little affected by drop in voltage from one 
feeder bus to another. 

EFFECT OF PARALLELING FEEDERS AT THE SUBSTATION END 
In scheme F, it is interesting to note (from Fig. 28) that the 

short-circuit current through the power house feeder oil switch 

FIG. 29 

is less when the feeders are paralleled at the substation end than 
when opened. This at first seems surprising, but on analysis 
the reason is obvious. The kilovolt-ampere output of the genera
tors is greater when the feeders are paralleled at the substation 
end since the path of one feeder reactance in parallel with other 
circuits to the substation end of the affected feeder and back to 
the points of short circuit is less than the impedance of one feeder 
reactance alone. Therefore the current output of the generators 
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is greater, and this current flowing through the generator react
ance gives a lower bus voltage than when the feeders are not paral
leled at the substation. This lower bus voltage impressed across 
the given feeder reactance therefore produces less current through 
the feeder oil switch. And if the breaking capacity of the oil 
switch or heating of the cables are the limiting features of the 
system, better results can be obtained by paralleling the feeders 
at the substation than by leaving them open, in scheme F. 

A word of warning should be given in using the expression 
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FIG. 30 

" kilovolt-amperes generated at short-circuit;" for, as above 
shown, the strain on the feeder is less as the kilovolt-amperes 
generated at instant of short circuit is increased. 

In scheme 5-2 great flexibility of operation can be gained by 
running, to any one substation, feeders from each separate feeder 
bus. If one bus is now in trouble due to short circuit it is pos
sible by the use of selective relays to clear that feeder bus of 
feeders, and by this arrangement any substation will lose 
only one feeder. A substation having five feeders, for example, 
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one to each feeder bus, will lose 20 per cent of its cables, thus im
posing 125 per cent load on the remaining cables. In this way 
service would continue on the system uninterrupted. 

Under short-circuit conditions (scheme 5-2, Fig. 14a), however, 
the current is very much increased, as is shown by the curves of 
Figs. 30 and 31. It is clear, that if it is necessary to limit the 
short-circuit current in a feeder to 30,000 amperes, it is impossible 
to interconnect the feeder buses through substation feeders, as 
in Fig. 14a, with any reasonable value of ZB , (machines assumed to 
have 7 per cent reactance). 
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Another advantage of these schemes S-l and 5-2, as here pre
sented, is that very low reactance can be used in the generator, 
in fact as low as mechanical protection to the generator itself 
justifies. The lower the generator reactance, the higher ZB 
can become for a given reactance in the path of direct feed from 
generator to feeder bus, and the higher will be the bus volt
age on the unaffected feeder buses. This results in less possi
bility of synchronous apparatus dropping out of step at the instant 
of short circuit. 

SUMMARY AND CONCLUSIONS 

It has been shown in this paper that the average mechanical 
forces existing between conductors of a three-phase cable carry-
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ing short-circuit currents, and between busbars, rise to relatively-
high values at the instant of trouble. These forces can be re
duced in cables by either limiting the current or increasing the 
distance between conductors. The same applies to busbars, and 
in addition, the position of the busbars can be adjusted by 
placing them in the same plane so that the mechanical forces may 
be considerably reduced. 

The heating of cables may be the limiting feature in control
ling short-circuit current, since it is quite possible for the tempera
ture of the conductor to rise to such a point as to endanger the 
insulation of the cable even in the very short time that it takes an 
oil switch to operate after the short circuit has occurred. With 
the characteristics of the generators under short-circuit condi
tions known, it is possible to compute the temperature rise, 
even although the current is of transient character. 

In using reactors to limit the current flow on a power system, 
the method of plain feeder reactance is not fully effective, as 
trouble on the main station bus is almost certain to cause to drop 
out of step all synchronous apparatus on the system. Further, 
this method offers no protection to machines against poor syn
chronizing. 

Station busbar reactance is effective under short-circuit condi
tions, but under normal operation is objectionable on account of 
the large voltage drop in transmitting power from one end of the 
bus to the other. 

The scheme of feeding from the machine terminals, and 
paralleling generators on a separate bus, as brought to light by 
Mr. Stott, is extremely flexible and very effective in furnishing 
protection. It can limit the current to a safe value without an 
excessive amount of reactance in the circuit; it can protect the 
machines against mechanical injury due to poor synchronizing; . 
and can transmit power from between different points of the bus 
with far less voltage drop than with the bus reactance scheme. It 
makes possible the use of generators having a low inherent react
ance, provided, of course, the machine is designed to withstand 
dead short circuit at its terminals. Further, the lower the react
ance of the generator the less possibility there is of the syn
chronous apparatus on the system dropping out of step due to 
reduced power house voltage. 

The possibilities of this system are as yet probably not fully 
realized. 


